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GC-contentWe characterized the gene conversions between the human folate receptor (FOLR) genes and those of ﬁve other
primate species.We found 26 gene conversions having an average length of 534 nucleotides. The length of these
conversions is correlated with sequence similarity, converted regions have a higher GC-content and the average
size of converted regions from a functional donor to another functional donor is signiﬁcantly smaller than the
average size from a functional donor to a pseudogene. Furthermore, the few conversions observed in the
FOLR1 and FOLR2 genes did not change any amino acids in their coding regions and did not affect their promoter
regions. In contrast, the promoter and coding regions of the FOLR3 gene are frequently converted and these con-
versions changed many amino acids in marmoset. These results suggest that purifying selection is limiting the
functional impact that frequent gene conversions have on functional folate receptor genes.
© 2013 Elsevier Inc. All rights reserved.1. Introduction
The human folate receptor gene family is located at chromosome
11q13–14. Folate receptors participate in the binding and transport of
folate (a variety of vitamin B9) and the naturally occurring form of
folic acid [1,2]. Folic acid derivatives have been found to be critical for
purine synthesis, cell division, tissue growth and DNA methylation [3].
In humans, the folate receptor gene family consists of three function-
al genes FOLR1, FOLR2 and FOLR3 in addition to two nonfunctional
pseudogenes FOLR1P1 and FOLR3P1 [4,5]. FOLR1 is the most widely
expressed folate receptor gene in adult tissues and produces a variety
of transcripts through simple or complex alternative splicing [6].
FOLR2 is mainly expressed in placental tissue while FOLR3 is a secretory
molecule expressed predominantly in hematopoietic cells [5,7]. Of the
three functional FOLR genes, FOLR1 is likely themost important because
mutations in this gene have been shown to result in neural tube
malformations and brain-speciﬁc folate transport deﬁciencies leading
to neurodegeneration early in childhood [8,9]. Furthermore, mice gene
knockout studies have shown that FOLR1 is essential for neural tube de-
velopment whereas knockouts of FOLR2 have a normal phenotype [6].
There is still little information on the role of the FOLR3 receptor [10].Université d'Ottawa, 30 Marie
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ghts reserved.Much is known about the expression and organization of these folate
receptor genes due to their potential afﬁliationwith disease, speciﬁcally
neural tube defects (NTDs). Embryonic neural tubes form the brain and
spinal cord during the development of the embryo. If the neural tubes
fail to close properly, the results are congenital malformations known
as neural tube defects. Thoughwell studied, causes for NTDs still remain
largely unknown. Many studies, however, highlight the little under-
stood protective effects of folic acid supplementation during pregnancy
[3,4,10,11]. Due to this phenomenon, the folate receptor genes have
been recognized as a means to better understand NTDs and they have
been the focus of numerous studies (e.g., ref. [2,6,8]).
Gene conversions are a type of homologous recombination that in-
volves the unidirectional movement of genetic material from a donor
sequence to an acceptor sequence. Conversion events have been found
to be connected to a variety of human inherited diseases, especially
when mutations that accumulate in nonfunctional pseudogenes over-
write essential components of a highly similar functional gene [12,13].
Given that FOLR genes are located near one another on human chromo-
some 11, that they encode proteins having relatively high levels of se-
quence identity and that small gene conversion events have been
shown to introduce deleterious mutations in some patients, it is there-
fore of interest to study the gene conversions occurring between FOLR
genes as well as between them and their pseudogenes [1,6,8].
The recent surge in available sequence data has facilitated the oppor-
tunity to further our understanding of the folate receptor gene family in
humans as well as other primate species. Here, a comparative genomics
study was performed on the effects of gene conversion in the folate
receptor gene family of Homo sapiens (human), Pan troglodytes
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(gibbon), Pongo abelii (orangutan), and Macaca mulatta (rhesus mon-
key). In particular, we wanted to determine whether gene conversions
were less frequent between functionally more important genes or
gene regions. Since one would expect functionally important genes to
be evolving under stronger purifying selection, one would expect that
the impact of gene conversions would be lesser between functionally
more important genes and gene regions. Our results do show that
gene conversions are less frequent, do not lead to amino acid changes
and do not affect the promoter regions of the functionally more impor-
tant FOLR1 and FOLR2 genes. This suggests that stronger purifying selec-
tion is acting on functionally more important genes and gene regions.
2. Results
2.1. Gene conversions
We did not detect any gene conversion events between the three
gibbon FOLR genes (results not shown). A total of 26 conversion events,
spanning both exons and introns, were detected between the FOLR
genes of the other ﬁve primate species (Table 1). Functional genes are
17 times donor sequences and 12 times acceptor sequences, whereas
pseudogenes are 9 times donor sequences and 14 times acceptor se-
quences (Table 1). Compared with an average of 14.5 times, the func-
tional genes are not more often donor or acceptor (χ2-test; p = 0.35).
Similarly, compared with an average of 11.5 times, the pseudogenes
are not more often donor or acceptor (χ2-test; p = 0.30). The smallest
of these gene conversions is 27 nucleotides long and the largest is 1727
nucleotides long. The average size (±standard error) of these 26
conversions is 534 ± 97 nucleotides. The average size of conversions
involving functional genes as acceptors (±standard error) is
482 ± 130 bp whereas those involving pseudogenes as acceptors is
545 ± 146 bp. These length differences are not statistically signiﬁcantTable 1
Gene conversions between the folate receptor genes of ﬁve primate species.
Length (bp) Donor Location (from–to) Acceptor Lo
Human
1 1092 FOLR3P1 927 bp before exon1–bp3 intron1 FOLR3 92
2 101 FOLR3 bp2815 intron1–bp74 exon2 FOLR2 bp
3 36 FOLR2 bp 100–136 of exon 4 FOLR1P1 bp
4 1727 FOLR1 bp2600 of intron1–540 bp after exon4 FOLR1P1 30
Chimpanzee
1 908 FOLR3 751 bp before exon1–bp155 exon1 FOLR3P1 76
2 274 FOLR1 bp102 intron2–bp222 exon3 FOLR1P1 bp
3 78 FOLR3P1 bp111–189 exon4 FOLR1P1 bp
4 738 FOLR1P1 bp44 exon4–502 bp after exon4 FOLR1 bp
Orangutan
1 1116 FOLR3P1 992 bp before–bp155 FOLR3 95
2 719 FOLR3 bp87 intron2–123 bp after exon4 FOLR3P1 bp
3 49 FOLR3P1 bp4545–4599 FOLR1P1 bp
Rhesus
1 93 FOLR2 bp91–184 exon2 FOLR3 bp
2 165 FOLR2 bp2080–2267 intron1 FOLR3 bp
3 76 FOLR3 bp3991–4066 FOLR1 bp
4 740 FOLR3 bp3771–4510 FOLR3P1 bp
5 1275 FOLR3 bp459–1734 FOLR3P1 bp
6 296 FOLR1 bp39 intron2–bp44 intron3 FOLR1P1 bp
7 52 FOLR1 bp64–116 exon3 FOLR3P1 bp
8 1201 FOLR3 827 bp before–bp372 FOLR3P1 77
Marmoset
1 124 FOLR3P1 bp44–168 exon4 FOLR2 bp
2 263 FOLR2 bp20 intron3–bp2065 intron2 FOLR3 bp
3 99 FOLR3 bp57–156 exon4 FOLR1 bp
4 354 FOLR3P1 bp63 intron3–bp333 intron2 FOLR3 bp
5 371 FOLR3P1 bp27 intron2–bp2938 intron1 FOLR3 bp
6 657 FOLR3 230 bp after exon4–bp76 exon3 FOLR3P1 23
7 1282 FOLR3P1 bp1023 intron1–90 bp before exon1 FOLR3 bp(t-test, p = 0.62). Interestingly, the average size (±standard error) of
converted regions from a functional donor to another functional donor
(141 ± 34 bp) is signiﬁcantly smaller than the average size from a
functional donor to a pseudogene (665 ± 157 bp; t-test, p = 0.007).
Fig. 1 shows the distribution of each conversion event along with its ap-
proximate length.
Converted regions are more GC-rich than non-converted regions.
When considering the 20 conversions larger than 100 nucleotides
long, the average GC-content (±standard error) of the converted re-
gions is 58.61% ± 0.89 and is signiﬁcantly larger than that of the non-
converted regions (48.36% ± 0.5, t-test, p = 9.2 × 10−13). For this
analysis, we only considered conversions larger than 100 bp to mini-
mize the effect of stochastic variation.2.2. Correlation between sequence similarity and length of gene conversions
A correlation test was performed in order to examine the effect of
overall sequence similarity on the length of conversion events; similar-
ities between converted sequences are listed in Table 1. Similarities be-
tween both the coding and full genomic sequences were tested for their
potential effects on conversion lengths. Coding sequences contain only
coding sequences (exons) whereas genomic sequences contain exons
and introns. Positive correlations are present between sequence similar-
ity and gene conversion length (Spearman rank correlation tests, coding
ρ = 0.61, 0.81, 0.93, 0.87, 0.61; genomic ρ = 0.86, 0.77, 0.93, 0.87, 0.65
for human, chimp, orangutan, rhesus and marmoset, respectively) but
only the rhesus correlation is signiﬁcant (coding, p = 0.005; genomic
p = 0.005). The absence of signiﬁcant correlations for most species is
likely due to the low number of data points. For example, orangutan,
human and chimpanzee only have three or four data points (Table 1).
Performing correlation analyses on all primate species yields signiﬁcant
correlations for both coding and genomic sequences (Spearman rankcation (from–to) % coding similarity % genomic similarity
0 bp before exon1–bp3 intron1 96.9 95
2106 intron1–bp74 exon2 88.4 79.2
100–136 of exon 3 70.4 69.1
7 bp before exon1–379 bp after exon3 89.6 91.6
8 bp before exon1–bp155 exon1 95.5 92.2
100 intron2–bp87 intron3 90.7 89
105–183 exon4 71.7 57.8
43 exon4–556 bp after exon4 90.7 89
9 bp before exon1–bp155 exon1 93.5 92.8
4092–4829 93.5 92.8
101–149 exon4 63.3 59.3
3631–3724 87.2 65.5
3516–3682 87.2 65.5
65 exon3–bp5 intron3 77.5 58.2
372 intron4–99 bp after exon6 97.9 93.9
527–1797 intron3 97.9 93.9
38 intron2–bp45 intron3 87.5 86.7
64–116 exon5 76.2 55.1
7 bp before exon1–bp3 intron2 97.9 93.9
92–216 exon5 87.4 79.5
18 intron2–bp3063 intron1 89.1 82.5
87–186 exon4 75.3 69.9
62 intron3–bp43 intron2 97.8 96.4
28 intron2–bp2938 intron1 97.8 96.4
0 bp after exon4–bp512 intron3 97.8 96.4
1017 intron1–90 bp before exon1 97.8 96.4
Fig. 1. Graphical representation of the distribution of the 26 gene conversions detected between the folate receptor genes of human, chimpanzee, orangutan, rhesus and marmoset. Black
boxes represent the exons of functional genes and gray boxes represent pseudogenes. The vertical lines above the genes indicate the approximate tract lengths of each conversion event.
The asterisks at the end of conversion tracts are to showthat the conversion spans longer thanwhat is represented in theﬁgure. Theﬁgure is not drawn to scale. Numbers correspond to the
numbering of the conversions in Table 1.
42 N. Petronella, G. Drouin / Genomics 103 (2014) 40–47correlation tests; coding ρ = 0.64, p = 3.9 × 10−4; genomic ρ = 0.72,
p = 3.4 × 10−5).
2.3. Phylogenetic analyses
Phylogenetic trees are useful tools in the detection of conversion
events. When conversions are large enough they can cause sequences
to be grouped together, breaking them away from their respective
orthologous genes [14,15]. Fig. 2 shows the phylogenetic tree for the ge-
nomic folate receptor sequences used in this study. Surprisingly, despite
several conversion events within studied folate receptor sequences,
most of the phylogenetic relationships amongst the six primate species
remain intact. Only the marmoset displays phylogenetic evidence of
gene conversion between the FOLR3 and FOLR3P1 sequences because
the FOLR3 gene is grouped with the FOLR3P1 pseudogene rather than
with the orthologous FOLR3 genes from the other primate species.
This is due to the three conversions from the FOLR3P1 pseudogene tothe FOLR3 gene which converted 2007 bp of the FOLR3 sequence to
that of the FOLR3P1 pseudogene (Table 1).
We determined the orthologous relationships of the non-human fo-
late receptor genes using synteny and the phylogenetic tree presented
in Figs. 1 and 2, respectively. All non-human genes were then renamed
with respect to their human ortholog. Four of the six primate species
each have 5 folate receptor genes while the marmoset appears to be
missing the FOLR1P1 gene and gibbon is missing both FOLR1P1 and
FOLR3P1. Furthermore, the orangutan FOLR2 and FOLR1 genes appear
to have switched positions when compared to their positions in the
human genome.
2.4. Number of gene conversions in different species
The number of gene conversions detected in the folate receptor
genes varies in different species. Eight, seven, four, four, three
and zero conversions are present between the rhesus monkey,
Fig. 2. Phylogeny of the human, chimpanzee, orangutan, gibbon, rhesus and marmoset
folate receptor genes. The scale bar represents 5% DNA sequence divergence and the num-
bers at the nodes are the percent bootstrap support.
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spectively. Although there is a correlation between the number of fo-
late receptor genes in a species and the number of conversions
observed (Spearman rank correlation tests; ρ = 0.43), this correlation
is not signiﬁcant (p = 0.39). This suggests that the number of conver-
sions is not proportional to the number of genes present in a genome.
2.5. Direction of gene conversion events
The number, length and direction of the converted regions were ob-
tained using theHsu et al. method [16] and subsequently checked based
on the patterns of nucleotide variation outside converted regions and
thephylogenetic position of the relevant sequences (Table 1). For exam-
ple, if there was a gene conversion from nucleotides 7 to 10 between
genes 1 and 2 of species A, with sequences ATGCATCGGCTGTTAG and
ATGAGCCGGCATTTAA, respectively, and that a related gene from a
closely related species has the sequence ATGCATCGGCTGTTAG, or
ATGAGCTATAATTTAA, then gene 1 of species A converted gene 2 of spe-
cies A and not the reverse. In this example, gene 1 is therefore the donor
sequence and gene 2 the acceptor sequence.
In the rhesusmonkey genes, the specieswhere themost conversions
were detected, the FOLR2 genewas twice a donor and never an acceptor
and the FOLR3 gene was four times a donor and accepted one conver-
sion. In addition, the human FOLR1 and the chimpanzee FOLR3 genes
both converted their respective pseudogenes (FOLR1P1 and FOLR3P1,respectively) without ever being converted themselves. From a gene
perspective, the FOLR1P1 gene took part in ten conversion events and
it was exclusively an acceptor in all species except in the chimpanzee
genome where it was a donor in a 738 bp long conversion (spanning
43 base pairs within and 556 base pairs beyond exon 4) of FOLR1. Like-
wise, the FOLR1 gene was converted an additional two times in rhesus
and marmoset where each conversion was under 100 base pairs and
occurlred in the end of exons 3 and 4, respectively. Moreover, the
human FOLR1P1 gene was completely converted by the human FOLR1
gene with a conversion spanning 1727 base pairs. FOLR3P1 participated
in a total of sixteen conversion events across all primate species acting
as a donor seven times and an acceptor nine times. Ten out of these six-
teen conversions involved FOLR3. FOLR2 is the gene whichwas the least
involved in gene conversion events. It was converted twice and acted as
a donor four times.
2.6. Distribution of gene conversions in folate receptor genes
The distribution of gene conversions varies from gene to genewithin
each species (Fig. 1). Conversions detected in the FOLR3 and FOLR3P1
genes tend to be uniformly distributed along the lengths of the genes,
especially in marmoset and rhesus monkey. Similarly, when FOLR1P1
is the acceptor in conversion events, they occur evenly over the whole
length of the gene and even span the entire length of human FOLR1P1.
In contrast, conversions were scarce in FOLR2 where only the second
exonwas partially converted in human and the last exonwas converted
in marmoset. Additionally, the FOLR1 gene accepted conversions exclu-
sively in its last exon and beyond in chimpanzee and marmoset as well
as the second to last exon in rhesus. Overall, no biases in the location of
conversion events can be observed since they are either evenly distrib-
uted amongst the length of the gene or occur in different regions in each
primate species.
2.7. Effects of gene conversions on primate folate receptor proteins
Few gene conversions affected the FOLR1 receptor genes and none of
them caused amino acid changes. Of the FOLR1 receptor genes of the six
primate species, only the coding regions of chimpanzee, rhesusmonkey
and marmoset were affected by one gene conversion each. In chimpan-
zee, the conversion of the FOLR1 gene by the FOLR1P1 pseudogene did
not change any amino acids because the chimpanzee and the human
amino acid sequences are identical in this converted region (Table 1,
Fig. 3). In rhesus monkey, the conversion from the FOLR3 pseudogene
to the FOLR1 gene did not introduce any amino acid changes because
all the amino acid observed in the variable sites of this region are also
present in at least three other primate species (Table 1, Fig. 3). Only
two amino acid changes are present in the region of marmoset FOLR1
gene which was converted by the marmoset FOLR3 gene (Table 1,
Fig. 3). However, these two amino acid changes, at positions 210 and
231, were not introduced by the FOLR3 gene because the FOLR3 gene
has different amino acids at these two sites (Fig. 4). The two amino
acid differences observed in the converted region of the marmoset
FOLR1 gene therefore likely occurred after it was converted by the mar-
moset FOLR3 gene.
Similarly, only two gene conversions affected the FOLR2 receptor
genes of the six primate species and none of them caused amino acid
changes. In fact, only the human and marmoset coding regions were
affected by one gene conversion each. In humans, the conversion of
the FOLR2 gene by the FOLR3 gene did not change any amino acids
because the human, chimpanzee, orangutan and rhesus monkey
and amino acid sequences are identical in this region (Table 1,
Fig. 5). Only two amino acid changes are present in the region of
marmoset FOLR2 gene which was converted by the marmoset
FOLR3P1 pseudogene (Table 1, Fig. 5). However, these two amino
acid changes, at positions 233 and 250, were not introduced by the
FOLR3 gene because the FOLR3P1 pseudogene has different amino
Fig. 3. Alignment of the FOLR1 folate receptor genes from six primate species. Shaded areas indicate gene regions that were converted. Underlines indicate amino acid substitutions.
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ferences observed in the converted region of the marmoset FOLR2
gene therefore likely occurred after it was converted by the marmo-
set FOLR3P1 pseudogene.
In the six specieswe analyzed, six gene conversions affected the cod-
ing regions of FOLR3 genes (Table 1, Fig. 1). In humans and orangutans
the FOLR3P1 pseudogene converted the FOLR3 gene once. These conver-
sions, although they have similar lengths and location, likely occurred
independently because such a conversion is not present in the chimpan-
zee genome. These two conversions did not cause any amino acid
changes because, in the converted regions, the human sequence is iden-
tical to that of the chimpanzee (Fig. 4). Furthermore, the three amino
acid differences observed in the converted region of the orangutan se-
quence are different from the amino acids encoded by the orangutan
FOLR3P1 pseudogene sequence at these three sites (Fig. 4 and results
not shown). In marmoset, four conversions affected its FOLR3 genes,
one from the FOLR2 gene and three from the FOLR3P1 pseudogene.
The three conversions from the FOLR3P1 pseudogene cover the amino
acids encoded by the ﬁrst three exons of the FOLR3 gene and at least
eight of the twelve amino acid differences observed in the proteinFig. 4. Alignment of the FOLR3 folate receptor genes from ﬁve primate species. Shaded areas in
the marmoset sequence, doubly underlined amino acids are identical to those encoded by t
underlined amino acids are identical to those encoded by the FOLR2 sequence and different
line are identical to those found in both the FOLR2 and FOLR3P1 sequences. The amino acid seq
which is very different from the FOLR3 genes of other primate species. It is therefore believedsequence encoded by this gene are due to conversions from themarmo-
set FOLR3P1 pseudogene (Fig. 4).
3. Discussion
Numerous studies have previously reported the effects of muta-
tions in the folate receptor genes of humans, especially in regard to
NTDs [3,4,8,10,11]. Here, we addressed the possible mutagenic im-
pact of gene conversions between human folate receptor genes. To
obtain more data, and for comparison purposes, we also analyzed
gene conversions in the folate receptor genes of ﬁve other primate
species: P. troglodytes (chimpanzee), P. abelii (orangutan), N. leucogenys
(gibbon),M. mulatta (rhesus monkey) and C. jacchus (marmoset).
The average size (±standard error) of the 26 conversions detected
using the Hsu et al. [16] method is 534 ± 97 nucleotides. This average
conversion length is similar to the mean length recently calculated
using SNP data from three different human populations (510 ± 34 nu-
cleotides; calculated from Table 2 of ref. [17]). The average length of the
conversions we observed is therefore not unusually short or long.
However, the fact that the average size of converted regions from adicate gene regions that were converted. Underlines indicate amino acid substitutions. For
he FOLR3P1 sequence and different from those encoded by the FOLR2 sequence, singly
from those encoded by the FOLR3P1 sequence and amino acids underlined with a wavy
uence of the rhesus FOLR3 gene is not included because it has a frame shift and a sequence
to be a pseudogene.
Fig. 5. Alignment of the FOLR2 folate receptor genes from six primate species. Shaded areas indicate gene regions that were converted. Underlines indicate amino acid substitutions.
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than the average size from a functional donor to a pseudogene
(p = 0.007) suggests that purifying selection is acting on gene conver-
sions between functional genes.
Gene conversions are surprisingly frequent between primate folate
genes. In fact, the frequency of gene conversions, calculated as number
of conversions per number of gene pairs compared, is 40%, 40%, 30%,
80% and 117% for the human, chimpanzee, orangutan, rhesus and mar-
moset folate genes, respectively (Table 1, Supplemental Table 1). This is
much higher than the average frequency of gene conversion events be-
tween the duplicated genes found in the human genome. Using differ-
ent methodologies, this frequency has been calculated to vary from
0.88% to 12.5% by three different research groups [18–20].
The signiﬁcant correlations between both coding and genomic se-
quence similarity and the lengths of detected conversions (coding:
ρ = 0.64, p = 3.9 × 10−4; genomic: ρ = 0.72, p = 3.4 × 10−5) are
consistent with previous studies in bacterial, yeast and mammalian
genes where longer conversions were shown to occur between more
similar genes [7,21–24]. Here, the largest conversion observed was
1727 bp long and occurred from the human FOLR1 gene to the human
FOLR1P1 pseudogene, two sequences which are 91.6% similar at the ge-
nomic level (Table 1). Furthermore, the marmoset FOLR3 gene and
FOLR3P1 pseudogene share the highest degree of genomic sequence
similarity (96.4% at the genomic level; Table 1) and are the sequences
which experienced the highest number of conversion events: four
gene conversions occurred between them and the length of these con-
versions ranged from 354 to 1282 bp (Fig. 1, Table 1).
The frequent conversions between folate receptor sequences lead
not only to higher sequence similarity, but also to higher GC-content.
The fact that the average GC-content of converted regions is signiﬁcant-
ly higher (p = 9.18 × 10−13) than those of non-converted regions is
consistent with the biased gene conversion hypothesis which posits
that, due to biases in DNA repair mechanisms, higher gene conversion
frequencies will lead to higher GC-content [25–28]. This observation
demonstrates that gene conversions are so frequent between the folate
receptor genes that they affect their GC-content.
Although we detected a total of 26 gene conversion events in ﬁve of
the six primate species we studied, most of these conversions had little
impact on the phylogeny of these sequences (Table 1, Fig. 2). This is in
large part due to the fact that most of these genes are larger than
3000 bp long whereas the average size of the conversions is only
534 bp long (Fig. 1, Table 1). Such relatively short conversions are there-
fore not long enough to signiﬁcantly alter the orthologous relationshipsof the FOLR genes of the primate species studied here. The only excep-
tion is observed in the marmoset, where the three conversions from
its FOLR3P1 gene to its FOLR3 gene, totaling 2007 bp in length, caused
its FOLR3 gene to group with its FOLR3P1 pseudogene rather than with
the orthologous FOLR3 genes from the other ﬁve primate species
(Fig. 2). The limited effect of gene conversions on the folate receptor
tree topology allowed us to establish the orthologous relationships of
these genes using phylogenetic analyses and synteny (Fig. 1).
Gene conversions have been reported to cause undesirable effects
whenmutations that have accumulated in pseudogenes are transferred
to highly similar functional genes and affect functionally important
amino acids (reviewed in Ref. [13]). The study of DeMarco et al. report-
ed clear evidence of such cases in human the folate receptor gene family
[8]. They found that, in four unrelated patients, small gene conversion
events from the FOLR1P1 pseudogene into the functional FOLR1 gene
were responsible for the introduction of mutations in the FOLR1 gene.
They also suggested that these frequent pathogenic conversion events
were the result of the fact that the FOLR1P1 and FOLR1 share a very
high degree of similarity and are located nearby one another on the
same chromosome. Interestingly, our analyses did not detect any gene
conversions from the human FOLR1P1 pseudogene to the human
FOLR1 gene (Table 1, Figs. 1 and 3). Given the high degree of similarity
between these two sequences in all primate species, the fact that gene
conversions between FOLR sequences are frequent (see above) and
the fact that gene conversion from the FOLR1 gene to the FOLR1P1
pseudogene was observed between human, chimpanzee and rhesus se-
quences, suggest that, in primates, gene conversion events from the
FOLR1P1 pseudogene to the FOLR1 gene are eliminated by purifying se-
lection (Table 1). This suggestion is supported by the fact that the
738 bp conversion event from the chimpanzee FOLR1P1 pseudogene
to its FOLR1 gene did not change any amino acids in the fourth exon of
its protein sequence (Table 1, Fig. 3). In other words, this conversion
was not selected against because it had no functional impact. Similarly,
in rhesus monkey and marmoset, the conversions from their FOLR3
gene to their FORL1 gene are also likely neutral because they did not
change any amino acids (see above). Note that, since we used the con-
sensus sequences from NCBI's primary reference assembly of the
human genome, we can assume that the sequence data we used does
not contain diseased genes.
Overall, the folate receptor gene with the least number of conver-
sions is the FOLR2 gene. Only two conversions were detected, one
spans a small portion of the second exon in human and another in the
last exon of marmoset FOLR2 and neither of those caused amino acid
46 N. Petronella, G. Drouin / Genomics 103 (2014) 40–47changes (Table 1, Figs. 1 and 5). Again, this suggests that only gene con-
versions that caused amino acid changes were eliminated by purifying
selection (Fig. 3). FOLR2 is predominantly expressed in the placental tis-
sues and it has been suggested that mutations within this gene would
result in the death of the embryo [5,8]. Additionally, functional studies
of the FOLR2 promoter demonstrated that the promoter region contains
a binding sequence crucial to the transcriptional regulation of this gene.
For this reason, any conversions carrying mutations to FOLR2, including
its promoter region,would be subsequently removed by purifying selec-
tion [6,29].
In contrast, the highest number of gene conversions was detected
between the FOLR3 and FOLR3P1 genes. They converted each other a
total of eleven times, ﬁve of which involved the conversion of the
FOLR3 gene by the FOLR3P1 pseudogene, and were converted by other
genes four times. The high frequency of conversion events between
FOLR3 and FOLR3P1 is likely the result of the high degree of sequence
similarity shared by these two sequences. In all primate specieswith de-
tected conversions, these two sequences consistently shared thehighest
sequence similarity (95%, 92.2%, 92.8%, 93.9% and 96.4% at the genomic
level in human, chimpanzee, orangutan, rhesus and marmoset, respec-
tively; Table 1). All other sequences, except for human FOLR1 and
FOLR1P1which share 91.6% similarity at the genomic level, share a sim-
ilarity of at most 89% at the genomic level (Table 1). Since our results
and previous research in bacterial, yeast and mammalian genes have
shown that there is a correlation between sequence similarity and the
frequency of gene conversions, it is not surprising that these two
genes often convert one [7,21–24]. In contrast with all other FOLR
genes of the other primate species, the FOLR3 gene of marmoset ac-
quired 12 amino acid substitutions from gene conversions from its
other FOLR sequences, at least eight of which were acquired from its
FOLR3P1 pseudogene. Also, in human, chimpanzee and marmoset, con-
versions occurred within the promoter region of FOLR3 genes (Table 1,
Fig. 1). This contrasts with the FOLR1 and FOLR2 genes, where conver-
sions were never observed in their promoter regions (Table 1, Fig. 1).
Furthermore, the rhesus FOLR3 gene has a frame shift and a sequence
which is very different from the FOLR3 genes of other primate species
(results not shown). It is therefore likely a pseudogene. Finally, the fact
that 2007 bp of the marmoset FOLR3 gene was converted by its
FOLR3P1 pseudogene, thus introducing several amino acid substitutions,
suggests that this gene is under weaker selective constraints than the
FOLR1 and FOLR2 genes. Therefore, this genemay not be functionally im-
portant in some primate species. The relatively high frequency of gene
conversions towards this gene could therefore be the consequence of
theweaker selective constraints acting on this gene in someprimate spe-
cies. However, mutations in the human FOLR3 gene have been associated
with neural tube defects and, based on the branch lengths of the phylo-
genetic tree shown in Fig. 2, FOLR3 gene sequences seem to be evolving
only slightly faster than those of FOLR1 and FOLR2 [10].
Finally, the fact that the average size of converted regions from a
functional donor to another functional donor is signiﬁcantly smaller
than the average size from a functional donor to a pseudogene
(p = 0.007) is also consistent with the suggestion that purifying selec-
tion is limiting the impact that gene conversions have on functional
genes. Our results are therefore in agreement with previous studies of
the effect of gene conversions on the coding sequences of protein coding
genes. In fact, gene conversion studies on genes coding for proteins as
diverse as opsin genes, protocadherin genes and growth hormone
genes all concluded that gene conversions affecting functional sites or
regions are selected against [30–34].
In summary, our results show that gene conversions having an aver-
age of more than 500 bp occurred at least 26 times between the FOLR
genes of ﬁve primate species. The length of these gene conversions is
correlated with sequence similarity and they were so frequent that
they increased the GC-content of the converted regions. Despite their
lengths and high frequency, these gene conversions did not introduce
any mutations in the coding regions or promoter regions of any of theFOLR1 and FOLR2 genes. However, the coding region and promoter re-
gions of the lesser studied FOLR3 gene are frequently converted and
these conversions changed many amino acids in marmoset. These re-
sults suggest that purifying selection is limiting the functional impact
that frequent gene conversions have on FOLR1 and FOLR2 genes, but
that these constraints might be weaker for the FOLR3 genes.
4. Materials and methods
The folate receptor gene families from 6 primate species (H. sapiens,
P. troglodytes, C. jacchus, N. leucogenys, P. abelii, and M. mulatta) were
downloaded from NCBI (http://www.ncbi.nlm.nih.gov/). Human
FOLR1 and FOLR1P1 sequences were used as queries in BLAST to retrieve
all genes belonging to the folate receptor gene family. Genes having
greater than 60% nucleotide sequence identity in their coding regions
were retrieved, as well as all pseudogenes in close proximity to func-
tional genes. Reciprocal BLAST searches were performed using the
resulting sequences in other species to ensure that all folate receptor
gene family members of at least 60% nucleotide sequence similarity
were retrieved.
In order to study the effects of gene conversion in the ﬂanking re-
gions of genes, the complete chromosomal regions containing all folate
receptor genes were downloaded using NCBI's primary reference ge-
nome assemblies of the 6 studied primate species. These downloaded
regions spanned 1000 base pairs before the ATG initiation codon of
the ﬁrst FOLR gene up until 1000 base pairs after the stop codon of the
last FOLR gene. The complete list of NCBI Gene IDs and chromosomal
ranges of the 26 folate receptor genes analyzed here are listed in Supple-
mentary Table 1.
All alignments were performed using ClustalW [35] and PRANK
(http://www.ebi.ac.uk/goldman-srv/webPRANK/; Ref. [36]) and were
manipulated using BioEdit [37]. The phylogenetic tree was constructed
with themaximum likelihoodmethod implemented in PhyMLusing the
following parameters: the HKY85 DNA evolution model, 4 substitution
rate categories and 500 replications for bootstrap analyses [38]. The se-
quence similarity between all FOLR genes of each species was calculated
with MEGA 4 [39] using its compute pairwise distance option (i.e., the
number of base substitutions per site from between sequences) and
the maximum composite likelihood substitution model. Spearman
rank correlation tests were calculated using R version 2.15 [40].
Gene conversions were detected the by Hsu et al. method [16]. This
method detects gene conversion events by examining portions of
paralogous sequences that share a signiﬁcantly higher similarity to
each other compared to their corresponding orthologs. This method
has been shown to outperform all other gene conversion detection
methods, including GENECONV [41]. Its higher sensitivity and false dis-
covery rate is in part due to the fact that it uses the phylogenetic rela-
tionships of the species being analyzed to detect unusually high
similarity between paralogous sequences. This allows it to detect con-
versions even between highly similar sequences. In contrast, the
GENECONV method, being based on the permutation of variable sites,
often fails to detect gene conversions between highly similar sequences
when it has too few variable sites to permute.
Another useful aspect of this method is that it is capable of detecting
gene conversion events between both genes and their ﬂanking regions.
Other gene conversion detection software, such as GENECONV, requires
alignments as input, making the inclusion of ﬂanking regions problem-
atic since they are often difﬁcult to align.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.ygeno.2013.10.004.
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